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MeV-mass dark matter and primordial nucleosynthesis
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The annihilation of new dark matter candidates with masses mX in the MeV range may account
for the galactic positrons that are required to explain the 511 keV γ-ray flux from the galactic bulge.
We study the impact of MeV-mass thermal relic particles on the primordial synthesis of 2H, 4He,
and 7Li. If the new particles are in thermal equilibrium with neutrinos during the nucleosynthesis
epoch they increase the helium mass fraction for mX <∼ 10 MeV and are thus disfavored. If they
couple primarily to the electromagnetic plasma they can have the opposite effect of lowering both
helium and deuterium. For mX = 4–10 MeV they can even improve the overall agreement between
the predicted and observed 2H and 4He abundances.
PACS numbers: 95.35.+d, 26.35.+c, 14.80.–j
I. INTRODUCTION
In a recent series of papers the intriguing possibil-
ity was explored that the cosmic dark matter consists
of new elementary particles with masses in the MeV
range [1, 2, 3, 4, 5]. While weakly interacting massive
particles (WIMPs) as dark matter candidates, notably
supersymmetric particles, are usually thought to have
masses exceeding tens of GeV, it is not difficult to come
up with viable MeV-mass candidates such as sterile neu-
trinos [6] or axinos [7]. The remarkable aspect of the
MeV candidates studied in Refs. [1, 2, 3, 4, 5] is that
they are taken to be thermal relics and thus require a
primordial annihilation rate much larger than given by
ordinary weak interactions. Contrary to naive intuition,
such particles are not excluded by any obvious laboratory
measurement or astrophysical argument [1, 2, 3, 4, 5, 8].
Quite on the contrary, it was argued that the annihilation
of these dark matter particles in the galactic bulge can
produce enough positrons to explain the 511 keV γ-ray
signature that was recently confirmed by the INTEGRAL
satellite [9, 10] and that seems difficult to explain with
traditional astrophysical sources. Alternatively, decaying
low-mass dark matter particles have also been proposed
as a positron source [11, 12].
In the early universe, weak interactions freeze out at
a temperature of about 1 MeV, just before the epoch of
big-bang nucleosynthesis (BBN). Therefore, MeV-mass
particles with larger-than-weak interaction rates are ex-
pected to be in thermal equilibrium at BBN and thus
would add to the primordial energy density and expan-
sion rate. One naively expects such particles to increase
the primordial helium mass fraction Yp, exacerbating the
tension between observations and the BBN prediction.
This expectation bears out for new particles coupling
primarily to neutrinos. However, the new particles pro-
posed in Refs. [1, 2, 3, 4, 5] would primarily interact
with the electromagnetic plasma. It turns out that the
BBN effects of these particles are non-trivial and cer-
tainly disfavor masses below about 2 MeV, but masses
in the approximate range 4–10 MeV actually have the
opposite effect of lowering Yp without significantly af-
fecting deuterium. Therefore, the concordance between
the predicted and observed 4He and 2H abundances is
slightly improved. This little-known but intriguing effect
was found a long time ago in a general study of the im-
pact of new particles on BBN [13]. The main purpose
of our work is to re-examine this effect in the context of
the MeV-mass dark matter hypothesis and with the help
of a modern BBN calculation and current observational
data.
In addition to our BBN study presented in Sec. II we
briefly consider two other possible consequences of MeV-
mass dark matter particles. In Sec. III we note that the
same mechanism proposed to explain the γ-ray signa-
ture from the galactic bulge should also produce a dif-
fuse background of low-energy cosmic-ray positrons in
the solar neighborhood. This argument strengthens the
conclusion reached independently in Refs. [1, 2, 3, 4, 5]
that an s-wave annihilation cross section for the reaction
XX¯ → e+e− is strongly disfavored. Further, in Sec. IV
we consider possible energy-transfer effects caused by
such particles trapped in the Sun or other stars. These
effects turn out to be very small because the trapping
efficiency is inhibited by the smallness of mX . In Sec. V
we summarize our conclusions.
II. MEV-MASS PARTICLES AND BIG-BANG
NUCLEOSYNTHESIS
A. Impact of New Particles
Thermal relic particles freeze out at a cosmic temper-
ature TF that for weakly interacting particles is about
1 MeV. If the particle mass is somewhat larger than TF
the number density is suppressed by annihilations so that
the relic density is maximal for mX of order TF, i.e. for
neutrinos the relic mass density would be maximal for
MeV-range masses and overclose the universe by about
five orders of magnitude [14]. Therefore, MeV-mass ther-
mal relics must interact far more strongly than neutrinos
so that they annihilate more efficiently to reduce their
density to a level compatible with the dark-matter abun-
2dance. We briefly summarize the relationship between
the annihilation cross section and the relic density in Ap-
pendix A. The result reveals that MeV-mass dark matter
particles must have been in thermal equilibrium through-
out most of the primordial nucleosynthesis epoch so that
the exact final dark-matter abundance is not relevant for
our study. We will use the equilibrium assumption in our
numerical implementation that was performed by a mod-
ified version of the new BBNCODE recently developed in
Naples and documented in Ref. [15].
The impact of our new particles on BBN differs qual-
itatively and quantitatively depending on the dominant
annihilation and scattering channels. Before turning to
specific cases we discuss how the BBN equations and in-
puts are affected. To this end we first note that the
new particles enter BBN through the second Friedmann
equation H2 = (8π/3)GN ρtot by their contribution to
the total mass-energy density ρtot. We consider the X-
particles to be in perfect thermal equilibrium and assume
that the number densities of particles and antiparticles
are the same for those cases where X 6= X¯. The number
density, pressure, and energy density contributed by the
new particles is thus taken to be
nX =
gX
2π2
T 3X
∫ ∞
x
dy
y (y2 − x2)1/2
ey ± 1 ,
PX =
gX
6π2
T 4X
∫ ∞
x
dy
(y2 − x2)3/2
ey ± 1 ,
ρX =
gX
2π2
T 4X
∫ ∞
x
dy
y2(y2 − x2)1/2
ey ± 1 , (1)
where x = mX/TX and the sign + (−) refers to fermion
(boson) statistics. TX is identical with the ambient neu-
trino temperature Tν for X-particles that dominantly
couple to neutrinos, while TX = Tγ for the electromag-
netically coupled case. Since y ≥ x > 0 and
(ey ± 1)−1 = e−y
∞∑
n=0
(∓1)ne−ny (2)
we may expand the thermal integrals as
∫ ∞
x
dy
y (y2 − x2)1/2
ey ± 1 = x
2
∞∑
n=0
(∓1)nK2
[
(1 + n)x
]
1 + n
,
∫ ∞
x
dy
(y2 − x2)3/2
ey ± 1 = 3x
2
∞∑
n=0
(∓1)nK2
[
(1 + n)x
]
(1 + n)2
,
∫ ∞
x
dy
y2(y2 − x2)1/2
ey ± 1
=
∫ ∞
x
dy
(y2 − x2)3/2
ey ± 1 + x
2
∫ ∞
x
dy
(y2 − x2)1/2
ey ± 1
=
∞∑
n=0
(∓1)n
(
3x2
K2
[
(1 + n)x
]
(1 + n)2
+ x3
K1
[
(1 + n)x
]
1 + n
)
,
(3)
where Kl(x) is the special Bessel function of order l. In
the numerical code the series are truncated at n = 4.
The error of the physical quantities is always ≤ 0.18%.
A more subtle effect is caused by the conservation of
entropy that implies a modified relation between the neu-
trino temperature Tν and that of the electromagnetic
plasma T ≡ Tγ . The cosmic entropy density is
s =
2π2
45
gs∗T
3 =
2π2
45
T 3
∑
i
gis∗ , (4)
where
gis∗(T ) =
2π2
45T 3
ρi + Pi
Ti
=
(
Ti
T
)3( ∑
bosons
gi +
7
8
∑
fermions
gi
)
. (5)
The second equality applies for relativistic species, i.e. in
the absence of warm species where m ∼ T . Note that
gis∗ is always considered as a function of the temperature
T of the electromagnetic plasma, not of Ti (a different
notation is used in Ref. [13]). After neutrino decoupling
at TD ≈ 2.3 MeV [16], the entropy in a comoving volume
is separately conserved for the “neutrino plasma” and the
electromagnetic one so that
[
gνs∗(TD)
gνs∗(T )
gγs∗(T )
gγs∗(TD)
]1/3
= 1 . (6)
For new particles being only electromagnetically coupled
this equation simplifies to
T
Tν
=
[
gγs∗(TD)
gγs∗(T )
]1/3
, (7)
thus giving a higher temperature ratio relative to the
standard case. This simulates the effect of Neff < 3 ther-
mally excited neutrino species at BBN and thus a reduced
primordial helium abundance. The opposite is true for
ν-coupled new particles.
The modified Tν(T ) relation also affects the n ↔ p
weak rates that depend on both T and Tν through the
phase-space dependence of the initial and final states of
the processes. We implemented the modification of these
rates in a perturbative way by introducing the small pa-
rameter
δ(T ) =
T 0ν (T )− Tν(T )
Tν(T )
, (8)
where T 0ν (T ) is the standard dependence on the electro-
magnetic temperature T . Typically δ assumes values of
order 0.01 and is always smaller than about 0.1. The neu-
trino temperature enters the weak rates through Fermi
factors of the kind
1
1 + exp(azν)
, (9)
3where zν = me/Tν. Therefore, the additional terms for
the rates can be obtained by integrating the factors
1
1 + exp[az0ν(1 + δ)]
− 1
1 + exp(az0ν)
=
∞∑
n=1
fn(az
0
ν) δ
n,
(10)
where in our numerical treatment the series was trun-
cated to the third term. The corrections and the standard
rates in the Born approximation were used to compute
numerically the relative changes to the rates. Therefore,
in the limit δ → 0 one recovers the n↔ p rates including
finite mass, QED radiative and thermodynamic correc-
tions, while disregarding modifications of these sublead-
ing effects in the δ 6= 0 corrections. We finish with six
functions ǫi(T )
∆Γn→p
Γ0n→p
= ǫn1(T )δ + ǫn2(T )δ
2 + ǫn3(T )δ
3 ,
∆Γp→n
Γ0p→n
= ǫp1(T )δ + ǫp2(T )δ
2 + ǫp3(T )δ
3 , (11)
fitting the change in the weak rates with an accuracy
better than 5%.
In principle, one has a single covariant energy con-
servation equation for all components of the primordial
plasma. For the sake of simplicity, however, in the previ-
ous considerations the “two fluids entropy conservation”
was used to obtain the Tν(T ) relation. We can now de-
rive the evolution of the thermodynamical quantities by
applying the covariant energy conservation law to one of
the two plasmas, e.g. the electromagnetic one, so that
the first Friedmann equation is
dT
dt
= −3H (ρem + Pem)
(
dρem
dT
)−1
, (12)
where H depends on ρtot through the second Friedmann
equation. If the additional species X couples to the elec-
tromagnetic fluid, the T -t-relation is further affected by a
modified (ρem +Pem) factor, at least until the scattering
freeze-out is reached. This has been roughly estimated
to happen at T ∼ 35 keV (Appendix B). In the numer-
ical code, the X-particles were considered to decouple
instantaneously from the electromagnetic component of
the plasma for T ≤ 35 keV. Relaxing this assumption
our results remain essentially unchanged because for such
low temperatures nucleosynthesis has almost completely
stopped and the X-particles have a negligible impact, at
least for the interesting mass range.
Another input parameter for the BBN calculation is
the radiation density contributed by ordinary neutrinos
which we fix to Neff = 3.
Finally, we need the cosmic baryon density. The best-
fit value from the temperature fluctuations of the cosmic
microwave radiation as measured by the WMAP satellite
is ΩBh
2 = 0.024± 0.001 [17]. Including large-scale struc-
ture data from the 2dF galaxy redshift survey shifts this
result to ΩBh
2 = 0.023± 0.001, and including Lyman-α
data further shifts it to 0.0226±0.0008 [17]. In our study
we always use a fixed value of
ΩBh
2 = 0.023 . (13)
We have checked that for 2σ variations of ΩBh
2 our con-
clusions remain essentially unchanged. Note that in our
BBN code the final value of η ≡ nB/nγ or of ΩBh2 is
used to work out the one that enters the initial condition
of the problem. We have
ηi =
niB
niγ
=
nfB
nfγ
nfγ
niγ
niB
nfB
= ηf
(
afTf
aiTi
)3
(14)
so that entropy conservation implies the well-known fac-
tor 11/4 in the standard case. In general it is a factor
depending on the X-particle properties and was numeri-
cally evaluated.
B. Neutrino-Coupled Particles
As a first generic type of X-particles we consider
particles that annihilate predominantly into neutrinos
XX¯ ↔ νν¯. We explicitly study three cases, that of Ma-
jorana fermions with a total of gX = 2 inner degrees
of freedom (case F2), self-conjugate scalar bosons with
gX = 1 (case B1), and scalar bosons with a particle and
anti-particle degree of freedom (gX = 2, case B2). With
the ingredients discussed in the previous section we calcu-
lated the abundances for the light elements 2H, 4He, and
7Li shown in Fig. 1 as a function of the new particle mass
mX . For mX >∼ 20 MeV we recover the standard BBN
predictions. For very small masses mX → 0 these par-
ticles freeze out relativistically and their effect on BBN
is exactly that of ∆Neff = 4/7, 1, or 8/7 additional rel-
ativistic neutrinos for the three cases B1, F2 and B2, as
summarized in Table I.
The BBN effect of the new particles is dominated by
their contribution to the primordial energy density and
thus similar to an additional neutrino species. However,
it is worthwhile to note the extra effect for intermediate
mX relative to the asymptotic casemX → 0. It is caused
by the modified Tν/T ratio previously described.
Our results essentially agree, both qualitatively and
quantitatively, with those of Ref. [13], except for lithium.
The difference is explained by our value of ΩBh
2 where
the dependence of 7Li on Neff is opposite from the situ-
ation in Ref. [13]. In our case this nuclide is essentially
produced through the channel 4He(3He, γ)7Be(e−, νe)
7Li
TABLE I: Cases for new particles
Case gX ∆Neff ηi/ηf
B1 Self-conjugate scalar boson 1 4/7 3.25
B2 Scalar boson X 6= X¯ 2 8/7 3.75
F2 Majorana fermion 2 1 3.65
4FIG. 1: Calculated light-element abundances for 4He (top),
2H (middle), and 7Li (bottom) for neutrino-coupled new par-
ticles. The indicated cases B1, B2, and F2 are described in
Table I. The horizontal lines indicate the effect of Neff = 3,
3.5, and 4 relativistic neutrinos.
while at the lower value of ΩBh
2 used in Ref. [13] the di-
rect channel 4He(3H, γ)7Li dominates.
Our theoretical predictions can be compared with the
measured primordial abundances summarized in Table II.
For helium, the standard BBN prediction significantly ex-
ceeds the most recent measured value [19], and this dis-
crepancy is even worse for other helium determinations
that are lower (for a review see, e.g. Ref. [18]). There-
fore, while different observations of the primordial 4He
abundance disagree on its exact value, a tension with the
BBN prediction always exists. Our new particles exac-
erbate this discrepancy for mX <∼ 10 MeV and are thus
disfavored or even excluded.
The deuterium abundance extracted from the QSO
systems agrees perfectly with the BBN prediction, al-
though it could be affected by possibly underestimated
systematic errors. In any event, the new particles change
the prediction only within the 1σ observational range so
TABLE II: Measured primordial light-element abundances
Element Abundance Reference
Heliuma 4He Yp = 0.2421 ± 0.0021 [19]
Deuterium 2H D/H = 2.78+0.44
−0.38 × 10
−5 [20]
Lithium 7Li 7Li/H = (1.70 ± 0.17) × 10−10 Refs. in [15]
aFor other determinations and a short review, see also [18].
that deuterium adds little new information on the viabil-
ity of the new particles.
A clear interpretation of the Spite plateau in the
lithium data from metal-poor halo stars is still lacking
so that it is not clear how to compare the lithium obser-
vations (average value given in Table II) with the the-
oretical prediction that is roughly a factor 2–3 larger.
Both standard and non-standard physics explanations of
this discrepancy have been invoked, e.g. Ref. [21] and
references. Therefore, a meaningful comparison of our
non-standard BBN prediction for lithium with observa-
tions is difficult. We show these results primarily for the
purpose of illustration.
C. Electromagnetic Couplings
We next turn to new particles that do not interact
with neutrinos but remain in perfect thermal equilibrium
with the electromagnetic plasma throughout the BBN
epoch by virtue of processes such as XX¯ ↔ e+e− and
X + e ↔ X + e. The BBN impact of these particles is
more subtle and can be opposite to the neutrino-coupled
case. Moreover, this is the case relevant as a source for
galactic positrons [1, 2, 3, 4, 5]. For particles of this sort,
there is a tension between the required primordial anni-
hilation cross section to achieve the correct dark-matter
density and the one in the galaxy to avoid overproducing
positrons. The solution prefered in Refs. [1, 2, 3, 4, 5] is
that of a predominant p-wave annihilation channel that
will suppress the annihilation rate in the galaxy relative
to that in the early universe. In particular, a specific
model for a new boson was constructed where particles
and anti-particles are not identical, i.e. our case B2. Of
course, the detailed form of the cross section is not rele-
vant for our work because we assume that the new par-
ticles are in perfect equilibrium with the electromagnetic
plasma.
The calculated light-element abundances as functions
of mX are shown in Fig. 2. For mX <∼ 2 MeV the abun-
dances are all shifted away from the observed values.
However, for mX >∼ 2 MeV the “entropy effect” works
in the direction of lowering Yp, by up to ∆Yp ≈ −0.002
for the B2 case, without significantly affecting the 2H and
7Li predictions. Therefore, the concordance with the 4He
observations is improved. This point is illustrated more
directly by Fig. 3 where we compare the new 4He predic-
tions for the cases B1 and B2 with the standard Neff = 3
5FIG. 2: Calculated light-element abundances for 4He (top),
2H (middle), and 7Li (bottom) for electromagnetically cou-
pled new particles. The indicated cases B1, B2, and F2 are
described in Table I. The horizontal dotted lines indicate the
standard predictions for the indicated values of the effective
number of relativistic neutrino species, Neff .
case and with the recent observational determination [19]
for which the 1σ error band is shown. Yp would benefit
from this effect up to mX <∼ 15 MeV, even if the val-
ues mX <∼ 10 MeV are prefered. Our results again agree
qualitatively with those of Ref. [13].
For low masses, the value of ηi needed to match the
WMAP finding for ηf is significantly increased relative
to the standard factor 2.75, as shown in the last column
of Table I. This explains physically the huge decrease
(increase) in the 2H (7Li) yield that does not strongly
depend on Neff . Quite on the contrary, as Yp depends
only logarithmically on η, its change is essentially domi-
nated by the addition of extra degrees of freedom to the
electromagnetic plasma. The X-particles are now hotter
than in the neutrino case and thus provoke a bigger effect.
FormX >∼ 20 MeV one recovers the standard predictions.
FIG. 3: 4He abundance as in Fig. 2, here on a linear scale
for mX . The horizontal dotted line indicates the standard
prediction for Neff = 3. The gray band is the 1σ observational
range for Yp according to Ref. [19].
We have always neglected the role of dark matter resid-
ual annihilations during the freeze-out epoch. A detailed
treatment of such effects is beyond the scope of our pa-
per. However, an approximate study of this phenomenon
(Appendix C) indicates that this late-time entropy gen-
eration effect is sub-dominant. Its effect goes in the di-
rection of a further marginal reduction of Yp and a small
increase in the deuterium yield.
We have also neglected the possible photo-dissociation
of 2H and 7Li induced by late dark matter annihilations.
As shown in Appendix D, this effect is marginal unless,
perhaps, if the dark matter particles couple directly with
photons.
D. Particles Coupled both to the Electromagnetic
Plasma and to Neutrinos
It may also be that the new particles interact strongly
enough with both charged leptons and neutrinos to keep
the two fluids in equilibrium beyond the usual decou-
pling epoch, a situation that was not previously treated.
In this case Tγ = Tν is maintained longer and perhaps
throughout the nucleosynthesis epoch, depending on the
new particle properties. This effect would be present even
for very high mX if one introduces an additional direct
coupling of the neutrinos to the charged leptons through
an extra gauge boson as in the prefered U -boson model
discussed in Refs. [1, 2, 3, 4, 5]. Of course, in this case
laboratory data, e.g. from ν-e scattering [22, 23], pro-
vide strong limits so that this situation may be rather
unphysical.
In Fig. 4 we show the light-element abundances as a
function of the assumed neutrino decoupling temperature
TD. If it is lowered to values TD <∼ me, the resulting mod-
ification of the light-element abundances is quite extreme
and strictly excluded. For 2H and 7Li the “eta-effect”
dominates, while for 4He the change in Tν/T and that of
6FIG. 4: Calculated light-element abundances for 4He (top),
2H (middle), and 7Li (bottom) if the neutrino and electro-
magnetic plasmas are thermally coupled by a new interaction
channel down to a temperature TD. The horizontal lines in-
dicate the standard predictions for the indicated values of the
effective number of relativistic neutrino species, Neff .
ρν play a major role.
If the neutrinos and electromagnetic fluids are only
indirectly coupled by their interactions with the new
X-particles, the limiting condition to prolong the ν-
equilibrium with the photon bath is the number den-
sity factor of the dark matter, nX , in addition to the
interaction cross sections. Qualitatively, we expect that
for mX <∼ me the combined effects conspire to hugely
increase the 4He yield, while some compensation could
appear in the 2H and 7Li behavior. Obviously, for
mX >∼ 20 MeV one should recover the standard predic-
tions, unless a direct ν-e coupling exists. A detailed ki-
netic study of this case would require a concrete particle
physics model and is beyond the scope of our work.
III. LOW-ENERGY COSMIC RAY POSITRONS
The proposed MeV-mass dark matter particles dis-
cussed in Refs. [1, 2, 3, 4, 5] are supposed to annihi-
late in the galactic bulge and produce a flux of low-
energy cosmic-ray positrons that can explain the ob-
served 511 keV γ-ray signature. For such X-particles
we also expect a flux of low-energy positrons at Earth
from local dark-matter annihilation. Such a signature
was already proposed for the detection of the traditional
GeV–TeV mass range of dark matter particle candi-
dates [24, 25]. For the case of annihilating MeV-mass
dark matter particles we expect a much larger positron
flux and therefore we study if additional constraints arise
from the low-energy cosmic-ray positrons in the solar
neighborhood.
To this end we derive the expected positron flux from
X-particle annihilation. For a stationary situation the
continuity equation for the cosmic-ray positrons is
q(E) − n(E)
τ(E)
+
d[b(E)n(E)]
dE
= 0 , (15)
where n(E) is the differential positron density, q(E) the
injection spectrum, τ(E) an effective containment time,
and b(E) ≡ −dE/dt the energy-loss function. This equa-
tion is solved by
n(E) =
1
b(E)
∫ ∞
E
ds q(s) exp
(
−
∫ s
E
dy
τ(y)b(y)
)
. (16)
The expected positron flux at the top of the atmosphere,
neglecting solar modulation effects, is je+ = n(E)/4π,
where we have assumed relativistic velocities.
In the relevant energy range and for an essentially neu-
tral environment, ionization and bremsstrahlung are the
dominant energy-loss mechanisms so that we have [26]
b(E) ≈ 36.18meσTnH
[
1 + 0.146 ln
(
E
me
)
+
E
709me
]
= 3.69× 10−13 MeV s−1 nH [. . .] . (17)
Here, σT is the Thomson cross section and nH the hydro-
gen density that dominates the interstellar medium. For
the relevant energies, b(E) is a slowly varying function.
It is easy to estimate that low-energy positrons do not
travel far before annihilating so that the containment
time τ(E) is identical with the annihilation time scale.
The latter can be written in the form [27]
τ(E) =
1.33× 1014 s
f(E)nH
, (18)
where f(E) = 0.02–1 in the energy range of interest.
Finally we need the positron injection spectrum from
dark-matter annihilation,
q(E) = n2X〈σav〉δ(1 − E/mX) , (19)
7where we have assumed that the X-particles are different
from their antiparticles and that nX = nX¯ .
Equation (16) cannot be expressed in closed form, but
for our purposes an analytical approximation is accurate
enough. The factor bτ does not depend on nH and is
found to be
bτ = 50–5000 MeV , (20)
where the range reflects the monotonic energy depen-
dence. Ignoring this energy-dependence allows us to
write the solution of Eq. (16) for E ≤ mX as
n(E) ≈ n
2
X〈σav〉
b(E)
exp
(
−mX − E
bτ
)
. (21)
For the interesting range of mX and E the exponential
factor is always close to 1. Physically this represents the
fact that positrons produced at energy E = mX will be
lost from this “energy bin” primarily by down-scattering,
not by annihilation.
In order to predict the positron flux we use nH =
1 cm−3. For the local dark matter density we use the
canonical value ρDM = 300 MeV cm
−3 = mX(nX +nX¯).
For the annihilation cross section we first consider an s-
wave model with 〈σav〉 = σ0 where σ0 is fixed by the
early-universe freeze-out calculation (Appendix A). We
compare the flux prediction with the best 95% CL upper
limits in the 20–90 MeV range that are given in Fig. 4 of
Ref. [28]. At 20 MeV, the flux limit is approximately
1.2 × 10−5 cm−2 s−1 sr−1 MeV−1, for 30 MeV it is
8.5 × 10−6 in these units, for 50 MeV it is 2.5 × 10−6,
and for 90 MeV it is 9× 10−7.
We find flux predictions exceeding these limits by fac-
tors >∼ 500. This implies that the annihilation cross
section required in the early universe for reducing the
particle density to the dark-matter level produces an un-
acceptably large local positron flux and is thus excluded
formX > 20MeV. For smallermX we have no constraint.
For a p-wave channel we do not obtain any limits because
〈σav2〉 is strongly suppressed in the galaxy because of the
small dark-matter velocities v of order 10−3.
Therefore, we confirm the conclusion of Refs. [1, 2, 3,
4, 5] that an s-wave annihilation channel XX¯ → e+e− is
not acceptable for thermal relics. However, our argument
does not depend on the uncertain dark-matter profile of
the galactic bulge.
IV. ENERGY TRANSFER IN STARS
New MeV-mass particles could play an important role
in stars. For example, they would be thermally produced
in the collapsed core of a supernova and could contribute
to the energy loss or the transfer of energy in these sys-
tems [29]. However, the X-particles discussed here have
stronger-than-weak interactions, implying that in a su-
pernova these effects would be small compared to those
of ordinary neutrinos. Therefore, even though the new
particles would be thermally excited in a supernova core,
there are no obvious observational consequences.
In ordinary stars, and especially in our Sun, dark-
matter particles will be trapped and contribute to the
transfer of energy in potentially observable ways [30]. In
the following we investigate if MeV-mass particles could
be relevant in this context. The result is that for MeV-
range masses the evaporation time is very short so that
the steady-state abundance of X-particles in the Sun is
too small to be important.
A simple estimate of the energy conduction by the new
particles can be worked out in a one-zone model of the
Sun [30]. One assumes that the dark-matter stationary
distribution in the Sun is globally Maxwellian at a uni-
form temperature TX , with its maximum density found
at a scale radius rX . Assuming that TX is identical with
the temperature at the solar center, and taking rX to be
of order the solar radius, the luminosity carried by the
new particles is of order
LX
L⊙
∼ 10
−42NX
(σs/pb)
√
mX/MeV
, (22)
where NX is the total number of X-particles trapped in
the Sun and σs is the scattering cross section on electrons,
taken to be comparable to the annihilation cross section
as described in Appendix B. For particles even more
weakly interacting, i.e. for σs ≪ few pb, one enters the
Knudsen regime where the effect of energy transfer is
much smaller [31, 32].
The steady-state number of dark-matter particles col-
lected by the Sun arises from an equilibrium between
capture and evaporation, i.e. NX = A/Pe with A the
number of particles captured per unit time and Pe the
escape probability per unit time. We estimate the cap-
ture rate to be [33, 34]
A ∼ 4.34 nXGNM⊙R⊙
vgal
(23)
where vgal ≈ 300 km s−1 is the mean square velocity of
the galactic dark matter near the orbit of the Sun and
nX its number density.
The escape probability Pe is physically the ratio of the
fraction of particles in the “escape-tail” of their distribu-
tion to the typical time needed to repopulate it. A simple
estimate is [30]
Pe ∼ (vfδv)
3/2
GNM⊙
√
mXv2f
2TX
exp
(
−mXv
2
f
2TX
)
, (24)
where vf is the escape velocity from a typical posi-
tion in the Sun. Near the solar center one has vf ∼
(15.8TX/mp)
1/2 [34]. Further, δv ∼ vsms/mX where
ms and vs refer to the scattered particles, electrons in our
case, for which we assume a thermal velocity distribution
so that vs = (3Ts/ms)
1/2 and we assume Ts = TX .
Based on these simple estimates and using a simplified
solar model we find NX ∼ 1036 (pb/σs). Comparing this
8result with Eq. (22) we conclude that the effect of the
new particles is too small to be significant for the Sun. Of
course, our estimate is rather crude considering that the
escape lifetime of the dark matter particles is comparable
to their orbital period.
V. SUMMARY AND CONCLUSIONS
We have analyzed some astrophysical and cosmological
consequences of the intriguing possibility that the cosmic
dark matter consists of MeV-mass particles [1, 2, 3, 4, 5].
These particles are assumed to be thermal relics and thus
have interaction cross sections that are larger than weak.
Such particles do not have any apparent consequences
for stellar evolution. In supernovae, their interaction is
too strong so that neutrinos continue to play the lead-
ing role for energy loss and energy transfer. In the Sun,
the particle mass is so small that evaporation prevents
the trapped steady-state population from growing large
enough for a significant contribution to energy conduc-
tion.
We have derived new constraints coming from the
low-energy positron component of cosmic rays. An s-
wave annihilation cross section for XX¯ → e+e− as large
as implied by the early-universe freeze-out calculation
causes an excessive positron flux for mX = 20–90 MeV
where experimental upper limits are available. There-
fore, only p-wave annihilation is compatible with these
constraints. These conclusions agree with those reached
in Refs. [1, 2, 3, 4, 5], but in our case they do not depend
on the assumed dark-matter profile of the galactic bulge.
The main subject of our work, however, was the im-
pact of MeV-mass particles on big-bang nucleosynthesis
(BBN). Significant modifications arise only for mX <∼
20 MeV. The effects found are largely independent of the
energy dependence of the annihilation cross section and
even of its exact value, provided that it is high enough to
take the new particles to equilibrium with the neutrinos
or the electromagnetic plasma.
For the neutrino-coupled case, the impact of the new
particles is comparable to that of additional neutrino
species. Notably, the primordial helium abundance is
increased, exacerbating the discrepancy between predic-
tions and observations. Therefore, such X-particles are
disfavored by BBN for masses up to about 10 MeV.
For the electromagnetically coupled case, the BBN
concordance would be severely disturbed for mX <∼
2 MeV. However, there is a region mX = 4–10 MeV
where the primordial helium mass fraction Yp is actu-
ally reduced relative to the standard case while the pre-
dicted 2H remains compatible with observations. This
non-trivial phenomenon is a consequence of the “entropy
effect” discussed in the paper. While this effect was al-
ready found in Ref. [13], it now assumes greater impor-
tance because it slightly improves the discrepancy be-
tween the BBN predictions for Yp and its observed value.
In summary, the MeV-mass dark matter particles pro-
posed in Refs. [1, 2, 3, 4, 5] as a source for positrons in the
galactic bulge are not incompatible with BBN, provided
the particle mass exceeds a few MeV. On the contrary, in
the mass range mX = 4–10 MeV these particles slightly
improve the concordance between BBN calculations and
the observed helium abundance. It is quite fascinating
that such exotic particles, far from being excluded, seem
to have several beneficial consequences in astrophysics
and cosmology.
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APPENDIX A: RELIC DENSITY AND
ANNIHILATION CROSS SECTION
Once the mass mX and the spin multiplicity gX of
a thermal relic are fixed, the requirement that it is the
dark matter uniquely determines the annihilation freeze-
out temperature TF and the annihilation reaction rate at
this temperature 〈σav〉TF . The relic mass density is
ΩXh
2 =
8πh2mXnX
3m2PlH
2
=
8πmXs
3(mPlH/h)2
(nX
s
)
, (A1)
whereH/h = 100 km s−1 Mpc−1, mPl = 1.22×1022 MeV
is the Planck mass, and s is the entropy density. Note
that for particles that are not self-conjugate ΩX only
includes the particles so that ΩDM = ΩX +ΩX¯ .
Neglecting entropy-producing phenomena, the entropy
per comoving volume remains constant so that(nX
s
)
0
=
(nX
s
)
TF
(A2)
for T ≤ TF. If one assumes a functional form for 〈σav〉T ,
an order-of-magnitude estimate of TF is given by the con-
dition nX〈σv〉TF = H(TF). A more accurate formula
is obtained by a semi-analytical treatment of the Boltz-
mann equation [14]
xF = x0 − (n+ 12 ) log x0 , (A3)
where
x0 = log
[
0.038 (n+ 1)
gX√
g∗F
mPlmXσn
]
. (A4)
Here, the parameterization
〈σav〉T = σnx−n (A5)
9with x = mX/T was assumed. The most interesting
cases are obtained for n = 0 (s-wave annihilation) and
n = 1 (p-wave). The previous equations yield
(nX
s
)
0
=
3.79
√
g∗F (n+ 1)x
n+1
F
gs∗FmPlmXσn
,
ΩXh
2 = 0.032
(n+ 1)xn+1F
√
g∗F
gs∗F(σn/pb)
, (A6)
with an accuracy better than 5%. Since ΩDMh
2 ≈ 0.11
[17], and xF = 15–20, it is easily seen that, for X 6= X¯,
one has σ0 ∼ 5 pb and σ1 ∼ 102 pb.
APPENDIX B: KINETIC FREEZE-OUT
We estimate the kinetic freeze-out temperature for X-
particles coupled to the electromagnetic plasma. We
make the rough approximation that the annihilation and
scattering cross sections are comparable, σa ∼ σs, so that
the ratio between the annihilation and scattering rates is
essentially given by Γa/Γs ∼ nX/ns. For our case the
scattering targets are electrons and positrons so that
ns = ne+ + ne− = 4
(
m2e
2πz
)3/2
e−z cosh ξe , (B1)
where ξe ≡ µe/T is the electron degeneracy parameter
and z ≡ me/T . Therefore, as long as the X-particles are
in kinetic equilibrium we have
Γa
Γs
≈ 1
2
(
mX
me
)3/2
exp
(
−mX −me
T
)
1
2 cosh ξe
(B2)
This result applies at TF only if (Γa/Γs)TF ≪ 1. As-
suming mX = 1 MeV, one finds from Eq. (A3) that
TF ≈ 0.07 MeV and from a standard BBN code that
ξe(TF) ≈ 0.32×10−7 so that (Γa/Γs)TF ≈ 4×10−4 which
is indeed ≪ 1.
Once a value for the annihilation effective cross sec-
tion σn has been determined, one can easily deduce a ki-
netic freeze-out temperature TK for the decoupling of the
dark matter particles from the electromagnetic plasma,
assuming that σa ∼ σs. The condition Γs(TK) = H(TK)
implies
〈σsv〉TK =
5.44T 2K
mPlns(TK)
√
g∗(TK)
10.75
. (B3)
With cosh ξe ≈ 1 and g∗ ≈ 3.36 one obtains
zK − (0.5− ℓ) log zK ≈ 14.1 + log(σs,ℓ/pb) , (B4)
where 〈σsv〉 ≡ σs,ℓz−ℓ. For typical values of σs,n this
gives TK ≈ 35 keV.
APPENDIX C: ENTROPY GENERATION
DURING DECOUPLING
We sketch an argument that indicates that the entropy
production associated with the dark-matter freeze-out is
a sub-leading effect. To this end we assume that every
e+e− annihilation product is instantaneously thermalized
and converted into photons. In this case the evolution
equation for the X number density is [14]
n˙X + 3HnX = −C[nX ] (C1)
where
C[nX ] = 〈σav〉
[
n2X − n2X,eq
]
. (C2)
The same equation applies to nX¯ = nX because we al-
ways assume equal distributions for both X and X¯. The
subsequent e+e− annihilations imply
n˙γ + 3Hnγ = +2C[nX ] . (C3)
The equilibrium energy densities are
ργ =
(
π2
15
)(
π2
2ζ(3)
)4/3
n4/3γ ,
ρX = nX
(
mX +
3
2
T
)
, (C4)
where the non-relativistic regime was used for the dark-
matter particles. The energy injection by late annihila-
tions is estimated as
ρ˙γ =
8
3
(
π4T
30ζ(3)
)
C[nX ] ,
ρ˙X = −mX
(
1 +
3T
2mX
)
C[nX ] . (C5)
The direct change of the total energy density due to this
conversion of dark-matter particles into photons is a very
small effect, as one can see by evaluating the ratios ρ˙γ/ργ
and n˙γ/nγ .
The main non-negligible consequence is on the T -t rela-
tion (first Friedmann equation) through the second term
in the following equation
dρem
dt
= −3H(ρ+ P )em
−
[
mX −
(
4π4
45ζ(3)
− 3
)
T
]
C[nX ] . (C6)
The problem is then restricted to the solution of the equa-
tion for nX in order to calculate the relevant quantity
C[nX ]. This was done by standard techniques after some
standard substitutions (see e.g. Ref. [14]). We found a
negligible effect on Yp, and a change of the
2H and 7Li
yields of order 0.1 in the units of Fig. 2. Therefore, we
are indeed dealing with a sub-leading effect.
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APPENDIX D: DEUTERIUM
PHOTO-DISSOCIATION
We show that the dissociation of fragile nuclides, prin-
cipally deuterium, by late dark-matter annihilation is
completely negligible. To this end we first follow stan-
dard works on this subject (e.g. Ref. [35]) and note that
the “first-generation” of nonthermal photons is rapidly
degraded to have a spectrum with a high energy cut EC ≈
m2e/22T because of the highly efficient pair creation and
subsequent reactions on the background medium. This
means that in order for some photons to survive and
to be able to dissociate nuclei the temperature has to
drop at least to values T <∼ m2e/22BD ≈ 5 keV, where
BD ≈ 2.2 MeV is the binding energy of deuterium. This
implies that neglecting this phenomenon during the BBN
epoch is certainly a good approximation. Note also that
in our prefered models, MeV-mass X particles would not
annihilate directly into photons, so the “first-generation”
photon spectrum is already degraded in energy because it
is produced by secondary effects of the primary electrons
and positrons.
Therefore, by simply looking at the expected energy
spectrum, the most dangerous process would be the
electro-disintegration of deuterium, for which a further
0.5 MeV penalty in the energy should be considered as
the electron rest mass would not be released. Without
invoking a detailed analysis we conclude that our results
up to mX <∼ 2.7 MeV remain unchanged.
For higher values of mX considered in our BBN anal-
ysis, say 3–20 MeV, we reach the same conclusion by
following the treatment of the late-time annihilations of
a relic particle described in Ref. [36]. Assuming that
electro-dissociation of deuterium is the only relevant phe-
nomenon, the D depletion factor can be written as
exp
[
−
∫ tf
ti
dtΓeD(t)
]
, (D1)
where ti is the time at the onset of dissociation, tf is
some late time where the D abundance is observed, and
ΓeD = s
∫ EC(T )
BD
dE fe(E, T )σeD(E) . (D2)
Here, σeD(E) ≈ 13.3 µb [(E−BD)/MeV]1/2 is the electro-
dissociation cross-section of deuterium [37]. Further,
fe(E, T ) is the “steady state” dark-matter annihilation
product spectrum. By arguments similar to the ones pre-
sented in Ref. [36] it is written as
fe(E, T ) ≈ σn
(
T
mX
)n
s
nγσeγ(E)
(nX
s
)2
× mXθ[Emax(T )− E]√
E3EC(T )
, (D3)
where σeγ(E) is the Compton scattering cross section
and Emax(T ) = Min[EC(T ),mX ]. Note that the primary
particle’s “first” shower spectrum has roughly the same
shape for γ or e initiated showers [35, 36].
We have numerically solved the integral in Eq. (D1)
by changing to the temperature variable and assuming
a radiation dominated universe. The effects we found
are completely negligible both for s- and p-wave annihi-
lations.
Note, however, that for showers induced by secondary
photons one should replace in Eq. (D3) the huge fac-
tor nγ with ne, and the electro-dissociation cross section
with the photo-dissociation one, while a penalty factor in
the energy spectrum would enter. Making some extreme
assumption one could thus gain up to a factor 1012 of
the previous estimates. Even so, it is not enough to af-
fect by more than a few percent our simplified nuclides’
predictions. The effects are even less pronounced for the
preferred case n = 1 (p-wave annihilation).
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